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Abstract—In this work we have applied optical pulse-coding 
technique to spontaneous Brillouin-based distributed 
temperature sensor (BDTS) based on the Landau-Placzek ratio 
(LPR). We experimentally show that pulse-coding applied to 
optical time domain reflectometry (OTDR) based BDTS allows 
for a significant performance enhancement, avoiding the use of 
optical amplification. Actually, by using 127-bit Simplex 
coding, we achieved about 7 dB signal-to-noise ratio 
improvement at the receiver, allowing for temperature sensing 
over 30 km-distance with temperature/spatial resolution up to 
5.0 K / 40 m using only 10 mW optical peak power at the fiber 
input. 
I. INTRODUCTION 
In the last years, fiber optic distributed sensors have been 
attracting a great deal of attention due to the unique 
capability they offer in terms of distributed sensing 
mechanism with important industrial, environmental and 
structural monitoring applications [1]. In particular, 
Brillouin-based distributed optical sensors are becoming 
increasingly attractive for temperature and strain monitoring, 
due to their capacity of sensing simultaneously both such 
physical variables [2]. This feature represents one of the 
main advantages of Brillouin-based distributed temperature 
sensors (BDTS) compared to distributed optical sensors 
based on spontaneous Raman scattering. Although BDTS are 
characterized by higher backscattering power compared to 
Raman-based distributed temperature sensors (RDTS) [3], 
they are however characterized by a lower temperature 
sensitivity and they also require a more complex receiver 
scheme. 
In general terms, Brillouin-based distributed temperature 
sensors can be implemented using either stimulated [4] or 
spontaneous Brillouin scattering [5]. While the former 
provides better temperature resolution, requiring a more 
complex detection scheme and access to both fiber ends, the 
latter allows for a simpler implementation, accessing to only 
one fiber end. However, the low temperature sensitivity of 
Brillouin intensity components limits the performance of 
spontaneous-BDTS based on the Landau-Placzek ratio 
(LPR), especially over long sensing ranges [5], thus also 
negatively impacting the resolution in combined strain and 
temperature sensors. Several schemes have been proposed by 
different authors in order to improve the performance of such 
sensors [5, 6]. For instance, schemes based on distributed 
Raman amplification [5] or Erbium-doped fiber amplifiers 
(EDFA) [6] can provide more accurate temperature 
measurements over long sensing distances.  
In this work we propose the use of Simplex-coding 
techniques [7, 8] in long-range BDTS. The observed signal-
to-noise ratio (SNR) improvement obtained by using 127-bit 
Simplex coding techniques results to be greater than 7 dB, 
allowing for sensing over 30 km-distance with a temperature 
resolution better than 5.0 K and a spatial resolution of ~40 
m, when using only 10 mW optical peak power at the fiber 
input. Thus, optical pulse coding offers a high-performance 
cost-effective alternative to optical amplification, avoiding 
the use of high peak power pulses into the sensing fiber. 
II. THEORY 
The implemented BDTS is based on spontaneous 
Brillouin intensity measurements using coded optical time 
domain reflectometry (OTDR). In BDTS systems, Brillouin 
intensity measurements need to be normalized by the 
Rayleigh component to account for the fiber loss. In fact, the 
Landau Placzek ratio (LPR) [9], which is defined as the ratio 
of the Rayleigh power to the Brillouin power, is normally 
used for compensating the intrinsic fiber loss. 
The temperature dependence of the LPR is given by the 
well-known formula [9]: 
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where βT is the isothermal compressibility, ρ0 is the density, 
Tf is the fictive temperature, vs is the acoustic velocity, and 
IRS,SpBS are the intensities of Rayleigh scattering and 
spontaneous Brillouin scattering. In order to obtain the 
temperature profile along the fiber, LPR at the unknown 
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Figure 1.  Experimental Setup (ECL: External cavity laser, OF: Optical Filter, PC: Polarization controller, MZM: Mach-Zehnder modulator,          
WFG: Waveform generator, TCC: Temperature-controlled chamber, BPF: Bandpass Filter, BS: Brillouin scattering,                                
RS: Rayleigh scattering, FBG: Fiber Bragg grating, TIA: Transimpedance amplifier). 
temperature T is compared with a LPR measured at a given 
reference temperature TR, obtaining [6]: 
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The temperature accuracy of an OTDR-based BDTS 
using the LPR is mainly determined by the signal-to-noise 
ratio at the receiver. The optical power at the receiver is 
proportional to the duration of the optical pulses launched 
into the sensing fiber, and therefore inversely proportional to 
the spatial resolution. This feature leads to a critical trade-off 
between spatial resolution, temperature accuracy and sensing 
range. In order to improve the performance of BDTS, and 
overcome this trade-off, several techniques, mainly based on 
discrete and distributed optical amplification techniques, 
have been proposed to increase the SNR. For instance, using 
an Erbium-doped fiber amplifier (EDFA) as a preamplifier 
[6] or distributed Raman amplification [5], the accuracy of a 
BDTS has been improved for long distance sensing 
applications. 
On the other hand, coding techniques have been 
successfully implemented for enhancing the performance of 
OTDR systems [7, 8]. We have also recently demonstrated 
that the application of optical pulse coding to Raman-based 
distributed temperature sensors enhances the SNR [10], 
providing much better temperature resolution. One suitable 
code for this kind of application is based on Simplex coding 
[7, 8], which involves linear combinations of traces 
following the so-called S-matrix. In such a scheme, the 
coding process is performed by modulating the intensity of 
an optical source according to the different codewords which 
are launched down along the fiber. Decoding is carried out 
by simple linear operations, using the several measured 
coded traces. 
Coding techniques provide, with the same total 
measurement time, a considerable SNR enhancement 
compared to conventional single pulse case, allowing for a 
more accurate spatial resolution, longer sensing ranges, 
better resolution on the sensing variable and/or reducing the 
input pulse power level or measurement time. This 
improvement is quantified by the coding gain, defined as the 
ratio of the SNR obtained with coded pulses to the SNR 
obtained with single pulses at a given distance, and 
considering same number of total acquired traces. In case of 
Simplex coding with a code length L, the coding gain GCOD 
is given by [8]: 
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Unlike distributed Raman temperature sensors based on 
coded OTDR, the application of pulse coding techniques to 
Brillouin-based sensors underlies some aspects to take into 
account, which are related to the different physical 
characteristics of Brillouin scattering with respect to Raman 
scattering. Characteristics such as counter-propagating 
direction, narrower gain bandwidth, and the required use of 
narrowband sources in case of Brillouin-based sensors have 
in fact a strong impact on the effectiveness of coding 
techniques in spontaneous Brillouin-based optical sensors. 
This is mainly due to the reduction of the threshold for onset 
of stimulated Brillouin scattering, resulting the most limiting 
factor in that case.  
III. EXPERIMENTAL SETUP 
Fig. 1 shows the experimental setup used for the 
spontaneous-BDTS. A tunable external cavity laser operating 
at 1550.0 nm with 200 kHz linewidth is used as optical 
source. The light is modulated by a Mach-Zehnder 
modulator with output pulses of 10 mW peak power and 400 
ns duration (either single or 127-bit Simplex-coded pulses), 
providing an attainable spatial resolution of 40 m. In order to 
reduce the coherence Rayleigh noise (CRN) produced by the 
narrowband optical source, we have applied wavelength 
averaging techniques, sweeping the wavelength of the laser 
over 0.5 nm, and current dithering to the laser, which also 
helps to increase the SBS threshold.  
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Figure 2.  Spontaneous anti-Stokes Brillouin trace along 30 km sensing 
fiber. Curves for conventional and 127-bit Simplex-coded BDTS. 
The sensing fiber is composed by three spools of 10.5 
km, 1 km, and 18.5 km of dispersion-shifted fiber (DSF) for 
a total distance of 30 km. The middle spool of fiber has been 
placed inside a temperature controlled chamber (TCC), 
which allows for a precise control of the fiber temperature. 
The TCC has been set to different temperature values (300 K  
and 343 K) during the experiment. 
At the receiver, the spontaneous anti-Stokes Brillouin 
component is separated from the Rayleigh signal through a 
narrowband fiber Bragg grating (FBG, 6 GHz) and an optical 
circulator, providing 28 dB band rejection.  The optical 
signal is detected by using a 80 MHz high-gain InGaAs 
avalanche photodiode (APD) followed by a high-gain trans-
impedance amplifier (TIA) and an analog-to-digital 
converter (ADC). 
It is important to remark that wavelength averaging is 
needed only for Rayleigh measurements since spontaneous 
Brillouin scattering is not affected by coherent noise due to 
the random nature of the process. This feature allows us to 
use a narrowband FBG with only 6 GHz reflected band 
allowing an effective spectral separation of the Rayleigh 
scattered signal and spontaneous anti-Stokes Brillouin 
component. 
IV. RESULTS 
Figure 2 shows a comparison of the anti-Stokes Brillouin 
trace obtained by the conventional single-pulsed BDTS and 
the trace obtained by using 127-bit Simplex-coded BDTS, 
for a total number of 180,000 acquired traces in both cases. 
The noise reduction in the anti-Stokes Brillouin trace is 
clearly evident as a result of the application of Simplex 
coding. The SNR enhancement provided by 127-bit Simplex 
coding results to be greater than 7 dB, being in good 
agreement with the theoretical prediction given by (3), 
estimating GCOD  = 7.54 dB. 
Note that, results have been obtained with the use of both 
current dithering and wavelength averaging techniques over 
0.5 nm, reducing the coherent fading noise produced in 
Rayleigh measurements down to 0.4 %. 
The distributed temperature profile along the sensing 
fiber is obtained through (2), where the room temperature 
(300 K) has been taken as a reference temperature. Figure 3 
reports the temperature along the sensing fiber, when the 
TCC has been set at 343 K, for both conventional and 
Simplex-coded BDTS. It can be clearly seen that the SNR 
enhancement provided by Simplex coding has a strong 
impact in the temperature accuracy of the sensor. 
The achieved temperature resolution in both cases is 
shown in Figure 4. It has been estimated as an exponential fit 
of the standard deviation of the measured temperature 
distribution versus distance. For conventional-BDTS, a poor 
temperature resolution is achieved (46.4 K) at 30 km-
distance because of the low peak pulse power (10 mW) used 
in the experiment; however, this is improved to 5.0 K due to 
the achieved SNR enhancement in temperature traces when 
using Simplex coding. At the fiber input, for both single-
pulsed and Simplex-coded BDTS, the temperature resolution 
results to be better than 0.9 K.  
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Figure 3.    Temperature profile along 30 km sensing fiber. Curves for conventional and 127-bit Simplex-coded BDTS.                              
The temperature of the fiber placed inside the TCC is 343 K. 
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Figure 4.    Temperature resolution for single-pulsed BDTS and 127-bit Simplex-coded BDTS. 
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Figure 5.    Achieved spatial resolution. 
On the other hand, the actual spatial resolution achieved 
by the BDTS has been obtained by calculating the 10% to 
90% response distance. Figure 5 reports the spatial resolution 
calculation, which results to be 42 m for both single and 
Simplex-coded BDTS. 
It is important to remark that from the experiment we 
have detected that coding process results in a longer effective 
length for the BDTS with respect to the single-pulsed BDTS, 
producing a reduction of the stimulated Brillouin threshold 
value. This feature limits the maximum input peak power 
allowed when using coding techniques; nevertheless, coding 
techniques provide accurate temperature sensing at low peak 
power levels. We have found that when using 127-bit 
Simplex coded BDTS, it is possible to achieve a similar 
optimum temperature resolution than for single-pulsed 
BDTS, but using ~ 15 dB lower input peak power. 
V. CONCLUSIONS 
In conclusion, we have proposed and experimentally 
demonstrated the feasibility of using coding technique in 
LPR-based BDTS for temperature resolution enhancement. 
Experimental results show that 127-bit Simplex coding 
offers ~ 7.1 dB SNR enhancement, allowing for 30 km 
sensing distance with a temperature and spatial resolution of    
5.0 K and 42 m, respectively, using only 10 mW pulse peak 
power at the fiber input. Results indicate that coding 
techniques can be successfully applied in BDTS as an 
alternative to optical pulse amplification, allowing for the 
use of low power optical sources and providing at the same 
time a high-performance cost-effective solution.  
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